Abstract. Biaxial magnetic alignment of REBa 2 Cu 3 O y (RE123, RE=Y, Nd, Sm, Dy, and Er) superconductor powders containing twin microstructures was demonstrated. Appropriate choice of RE effectively improved the degrees of in-plane and c-axis orientation in RE123 powder samples aligned under modulated rotating magnetic fields at room temperature. From the relationship between the magnetic field strength and the degrees of orientation, it is concluded that heavy RE ions induced the improvement of the in-plane magnetic anisotropies in RE123 grains with twin microstructures.
RE 2 Ba 4 Cu 7 O y [11] at room temperature.
On the other hand, in the case of practical RE123 superconductors, one can predict that their biaxial grain alignment will be difficult to achieve. This is because the RE123 crystal or grain has twin microstructure [12] originating from the tetragonal-orthorhombic transition [13] corresponding to an increase of the nonstoichiometric oxygen content [14] . The RE123 grain containing the twin microstructure consists of two different types of domains in which the c-axes are parallel and the a-axes (or b-axes) are orthogonal, probably leading to the reduction or disappearance of magnetic anisotropy in the ab-plane direction at the grain level. However, the development of a magnetic biaxial alignment technique in RE123 is obviously important for demonstrating the further versatility of the novel magneto-scientific method. In the present study, we show the biaxial grain orientation of RE123 powders with twin microstructures by magnetic alignment as a proof of principle and clarify the dependences of the degrees of orientation on the magnetic field and the type of RE ions.
Experimental details
RE123 polycrystals were synthesized by standard solid-state reaction in air. The starting materials, RE 2 O 3 (RE=Y, Nd, Sm, Dy, and Er), BaCO 3 , and CuO, were weighed in a molar ratio of 1:2:3 and ground in ethanol. The mixed powders were calcined at 860°C and 900°C. Then, they were pelletized and sintered at 920°C for 24 h. Y124 single crystals with ~50 μm in size were grown by a flux method in the air using KOH as a flux medium [10, 15, 16] . Details of the crystal growth have been reported elsewhere [10] . The obtained RE123 pellets and Y124 crystals were crushed in agate mortar to fabricate powders for magnetic alignment. A scanning electron microscope was used to determine the average diameters (d) of the RE123 and Y124 powders, which were 1.5-3.0 μm.
The obtained power was mixed with epoxy resin at a weight ratio of powder : resin = 0.2 g : 2.0 g. The epoxy resin containing the RE123 or Y124 powder was cured for more than 12 h at room temperature in an MRF. In detail, the specimens were horizontally rotated at two different steps in a static field (H a ) of μ 0 H a =0, 0.5, 1, 3, 5, and 10 T applied along the transverse direction. At angles of 0° and 180°, the powder samples of RE123 and Y124 were rested for 2 s, whereas the rotation process with 60 rpm was applied at other angle regions. The sample's original angle, 0°, was defined with regard to a direction normal to the α plane (see Fig. 1 ) of the sample, which was parallel to the transverse H a direction. For cured resins containing magnetically aligned powders, XRD measurements were performed for the α, β, and γ planes (see Fig. 1 ). The easy, secondary easy, and hard axes oriented in an MRF could be determined from the XRD patterns of the α, β, and γ planes, respectively. To determine the degrees of the c-axis and in-plane orientations for the magnetically oriented powder samples, X-ray rocking curves (XRCs) and pole figures were examined. The full width at half maximum (Δω) value for each XRC was obtained as the degree of orientation for a magnetically aligned powder sample.
Results and discussion
Figure 2(a) shows XRD patterns at the α plane for the RE123 powder samples aligned in the MRF with μ 0 H a =10 T, together with that at the α plane for the twin-free Y124 powder sample aligned in the MRF of 10 T for reference. In the case of Y124 and RE123 with RE=Y, Nd, Sm, and Dy, only (00l) peaks were clearly enhanced, which indicates the first easy axis of magnetization parallel to the c-axis. On the other hand, in the case of Er123, the (h00) and (0k0) peaks were simultaneously enhanced. However, intensities of the (0k0) peak were always larger than those of the (h00) peak; therefore, the first easy axis for Er123 was estimated to be the b-axis. These results were consistent with the results obtained from RE123 aligned under static magnetic fields [17] [18] [19] [20] .
Figure 2(b) shows XRD patterns at the γ plane for the RE123 powder samples aligned in the MRF of 10 T, together with that at the γ plane for the twin-free Y124 powder sample aligned in the MRF of 10 T for reference. In the case of Er123, only (00l) peaks were clearly enhanced, which indicates the hard axis of magnetization parallel to the c-axis. On the other hand, in the case of Y124 and RE123 with RE=Y, Nd, Sm, and Dy, the (h00) and (0k0) peaks were simultaneously enhanced. However, intensities of the (0k0) peak were always larger than those of the (h00) peak, leading to the hard axes parallel to the b-axis for RE123 with RE=Y, Nd, Sm, and Dy. From XRD patterns at the β planes (not shown in this article) in addition to the results of Figs. 2(a) and 2(b), it was suggested that a biaxial orientation was basically achieved for all five powder samples of RE123 with twin microstructures. Here, it should be noted that in Fig. 2 , the (110) peaks also appeared only for the RE123 powder samples in XRD patterns at the planes where both (h00) and (0k0) peaks were enhanced, and intensities of the (110) peak depended on the type of RE in RE123. As shown in Fig. 2(b) , only (0k0) peaks were strongly enhanced for the Y124 powder sample, and the co-existence of (h00) and (0k0) peaks and the appearance of the (110) peak were not observed. As discussed later, these phenomena observed only in RE123 were due to twin microstructures formed in RE123 powders.
To understand the details of biaxial magnetic alignment for the RE123 and Y124 powder samples aligned in the MRF of 10 T, pole figure measurements using (103) for RE123 and (017) for Y124 were performed at the planes where the (00l) peaks were enhanced. (103) pole figure at the α plane for the Dy123 powder sample prepared without applying the magnetic field was also shown in Fig. 3(g) . As shown in Fig. 3(f) , in the case of twin-free Y124, sharp two-fold symmetric peaks were observed. This reflects the biaxial orientation of orthorhombic Y124 grains without twin microstructures. However, in the case of RE123 in Figs. 3(a)-3(e), four-fold symmetric peaks and a broadening of the peaks to the rotation angle appeared. Clearly, the co-existence of (h00) and (0k0) peaks in Fig. 2 and the four-fold symmetric peaks in Fig. 3 were correlated with the generation of twin microstructures in RE123. When one focuses on the pole figure in Fig. 3(g) , distribution of the diffraction peaks showed plateau-shape. This means random orientation of Dy123 grains was achieved in the case of μ 0 H a =0 T. Furthermore, similar results were obtained for other RE123 (RE = Y, Nd, Sm, and Er) powder samples prepared without applying the magnetic field. It was clearly found that the sample rotation under μ 0 H a =0 T was not effective for improving the grain orientation. Therefore, the pole figures in Figs. 3(a)-3 (e) strongly indicate that biaxial grain orientation was achieved by applying the MRF of 10 T even for RE123 powders with twin microstructures, and the results in Fig. 2 and Fig. 3 can be understood in terms of the biaxial orientation of RE123 grains containing two domains in which the c-axes are parallel and the a-axes (or b-axes) are orthogonal.
Another difference between RE123 and Y124 in Fig. 3 is the broadening of the peaks in the direction of the rotation angle. Especially for Y123, Sm123, and Er123, ring-like diffraction emerged in addition to the four peaks. This result indicates that two different components of magnetic alignment were contained in the powder samples of Y123 and Sm123: biaxial-oriented grain and c-axis-(uniaxial or weakly biaxial) oriented grain. One can recognize that the existence of the c-axis-oriented grains leads to the appearance of the (110) diffraction peak at planes where both (h00) and (0k0) peaks were enhanced. From the results in Fig. 2 and Fig. 3 , the first easy, second easy, and hard axes of magnetization for RE123 at room temperature in the molecule level can be determined. The magnetization axes for RE123 were summarized in Table 1 , together with ionic radii of RE 3+ with CN=8 (CN; coordination number) [23] for reference. For RE123 with RE=Y, Nd, Sm, and Dy, the first easy, second easy, and hard axes of magnetization were c-, a-, and b-axes, respectively. However, for Er123, the first easy, second easy, and hard axes of magnetization were b-, a-, and c-axes, respectively. These magnetization axes in RE123 corresponded with those of twin-free RE124 (RE=Y, Nd, Sm, Dy, and Er) [10, 21] and twin-free RE 2 Ba 4 Cu 7 O y (RE247: RE=Y, Dy, and Er) [11] for same RE. That is, the single-ion magnetic anisotropies [24] of RE 3+ are dominant for RE-Ba-Cu-O with heavy RE and contribution of magnetic anisotropies of Cu ions are large for RE-Ba-Cu-O with light RE.
To clarify the changes in the degrees of grain orientation depending on H a and the type of RE, XRCs were examined for the RE123 and Y124 powder samples aligned in the MRFs of μ 0 H a =0.5, 1, 3, 5, and 10 T using the diffraction peaks of (00l) (l=5 for RE123, l=12 for Y124) and (020). The degrees of the c-axis and in-plane orientations for the powder samples were determined as Δω values for the XRCs at the (00l) and (020) [10, 19, 20, 24] . The decrease in Δω in-plane at higher H a for RE123 with RE=Y, Nd, and Sm can be explained in terms of the low magnetic anisotropies of RE ions in addition to the reduction of in-plane magnetic anisotropies at the grain level by the twin microstructures.
RE. Consequently, the degrees of in-plane orientation were drastically improved by the appropriate choice of RE and the increase in H a . When one chooses Dy123 and Er123, higher degrees of the in-plane orientation with Δω in-plane ~ 4° and Δω in-plane =7-8° were achieved at the MRF of 1 T, respectively. The present study suggests that the biaxial magnetic alignment technique enables the fabrication of biaxially oriented bulks and thick films of twinned RE123 on the basis of combination of the magnetic alignment and colloidal techniques [25] [26] [27] [28] [29] . In practice, our group attempted to fabricate biaxially oriented green compacts of twin-free Er124 by slip-casting under MRFs and clarified relationship between Δω in-plane and viscosity of slurry (η) [30] . The increase in η was found to be effective for improving Δω in-plane , whereas the increase in μ 0 H a for the slurry with lower η seriously led to the increase in magnetic force, which was induced by χ, magnetic field and magnetic gradient, for fine Er124 crystals with large value of χ (~5 × 10 -3 [31] in the case of Er247 [32] ) as a paramagnetic substance. Taking the formation of the twin microstructure in RE123 into account, the previous report suggests that appropriate choice of RE, synthesis of particle with single grain and control of grain size are more important to obtain highly biaxial oriented green compacts of RE123.
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